Fatigue is one of the primary causes for catastrophic failure in structural materials. Here, we report an order-of-magnitude reduction in the fatigue crack propagation rate for an epoxy system with the addition of ϳ0.5 wt. % of carbon nanotube additives. Using fractography analysis and fracture mechanics modeling, we show that the crack suppression is caused by crack bridging, which results in an effective crack-closing stress due to the pull out of nanotube fibers in the wake of the crack tip. Carbon nanotubes therefore show potential to significantly enhance the reliability and operating life of structural polymers that are susceptible to fatigue failure.
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It is well established 1,2 that resistance to fatigue crack propagation is of paramount importance to prevent failure. Much work has been done on understanding the mechanisms of fatigue in both polymers 3, 4 and polymer composites. [5] [6] [7] However, the effect of nanosize fillers on the fatigue performance of structural polymers is still not clear. Some recent studies [8] [9] [10] with nanoparticle fillers ͑such as SiO 2 , TiO 2 , and Al 2 O 3 nanoparticles͒ in polymer matrices indicate that nanoparticles cause crack defection, plastic deformation, as well as crack pinning, which significantly increase the fracture toughness. While there is now reasonable understanding on the mechanisms by which nanoparticle fillers can suppress fatigue, the role that high aspect ratio carbon nanotubes can play in suppressing fatigue crack growth is not yet fully understood. Here, we show an order of magnitude reduction in the crack growth rate for an epoxy system with the addition of less than ϳ0.5 wt. % of the carbon nanotube additives. Interestingly, the fatigue suppression showed a strong sensitivity to the applied stress intensity factor; the crack growth suppression for the nanotube-composites degraded rapidly as the stress intensity factor was increased. This trend is opposite to what has been previously observed [8] [9] [10] for nanoparticle based composites, suggesting that the mechanisms for fatigue suppression are quite different for carbon nanotubes as compared to nanoparticles. Therefore, more in-depth work ͑both experimental and modeling͒ is needed to better understand and control the mechanisms by which carbon nanotube additives can improve the fatigue life of structural polymers. Figure 1͑a͒ illustrates the procedures used for the composite specimen fabrication and fatigue crack propagation testing. The single walled carbon nanotubes ͑SWCNTs͒ ͑pu-rity Ͼ95%͒ used in this study were provided by Cheap Tube Inc., with a mean diameter of 1.5 nm and length of 20 m. Multiwalled carbon nanotubes ͑MWCNTs͒ ͑purity Ͼ95%͒ were provided by Nanocyl with a mean diameter of 20 nm and length of 20 m. The protocols that were used to disperse the nanotubes in an Epoxy-2000 resin system are described in detail elsewhere. 11 Fatigue crack propagation tests are conducted using a MTS-858 material testing system following ASTM standard E647-05. An initial precrack is created in the compact tension samples ͓Fig. tapping a fresh razor blade over a molded starter notch. All the tests are performed under load control at a constant load ratio R of 0.1 ͑R = K min / K max ͒ and at a test frequency of 5 Hz. The crack length is measured using the compliance method and is confirmed by a high resolution video monitoring system.
Figures 1͑b͒ and 1͑c͒ show test data for the crack propagation rate as a function of the applied stress intensity factor for the epoxy/MWCNT and epoxy/SWCNT samples, respectively. Results for the baseline epoxy ͑without the nanotube additives͒ are also shown for comparison. For epoxy/ MWCNT composites at nanotube loading fractions of ϳ0.5%, we observed ϳ1000% reduction in the crack growth rate in the low stress intensity factor amplitude regime. The reduction in crack growth rate was enhanced with increasing weight fraction of the nanotube additives. The same trends are also observed for epoxy/SWCNT composites. At low weight fraction ͑e.g., in the 0.1%-0.25% range͒, SWCNT is more effective than MWCNT; however, at higher weight fractions the MWCNT offer improved reduction in the crack growth rate. We attribute this to degradation in the dispersion quality of the SWCNT at the higher weight fractions. 11, 12 A notable feature of Figs. 1͑b͒ and 1͑c͒ is that at the high values of the stress intensity factor, the effectiveness of the nanotubes ͑both SWCNT and MWCNT͒ diminishes, and the crack propagation rate of the nanotube-composite begins to approach the pure epoxy. The reason for this behavior will be addressed later in the section on modeling of crack growth.
To identify the key mechanisms for reduction in fatigue crack growth rate, fractography analysis was performed using a scanning electron microscope ͑Carl Zeiss Supra͒. The crack images ͑Figs. 2͑a͒-2͑d͒͒ clearly indicate evidence of fiber bridging and subsequent fiber pullout in the wake of the crack tip. Fiber pullout is a key mechanism for reduction of fatigue crack propagation since the stored strain energy is dissipated by both the pullout of the nanotube fibers and by the separation processes at the crack front. In the immediate wake of the crack tip ͓Fig. 2͑b͔͒, we observe a fiber bridging zone; the nanotubes are being pulled out of the matrix but are effectively bridging the crack faces. At a small distance behind the crack tip ͓Fig. 2͑c͔͒ we see a combination of some nanotubes that are bridging the crack and some tubes that are already pulled out of the matrix. Far behind the crack tip ͓Fig. 2͑d͔͒ we observe nanotubes that are completely pulled out of the matrix with no evidence of crack bridging.
To explain the fatigue crack growth rate reduction in the nanotube epoxy composite system, we developed a model based on fracture mechanics. 13 The main mechanism modeled is fiber pullout ͓Fig. 3͑a͔͒ in the wake of the crack tip. Let us consider that the region where pullout takes place extends over a length t from the tip. We also consider a type of pullout 12 in which the required force is constant P c . Let us assume that all the nanotubes require to be pulled out by the same amount ͑average amount͒ of magnitude ␦ c in order to fully separate the crack faces; this characteristic length will scale with the nanotube length ͑␦ c = L / ␣ , ␣ ജ 1͒. The parameter ␣ determines the fraction of the tube length ͑on average͒ that participates in pullout.
The effective stress intensity factor can be expressed as
where K I is the stress intensity in the absence of fiber bridging, is the number density of nanotubes penetrating the plane of the crack, and ␤ ͑␤ Ͼ 1͒ is a factor that accounts for the fact that not all fibers penetrating the crack plane contribute to toughening. The stress * ͓top schematic in Fig. 3͑a͔͒   FIG. 2 . ͑Color online͒ ͑a͒ Scanning electron microscopy ͑SEM͒ image of the sideview of the fatigue crack. The fatigue crack propagation test was stopped midway and the sample was imaged using SEM to study the microstructure of the sample in the vicinity of the crack. ͑b͒ Close to the crack tip, we see a fiber bridging zone; the tubes are pulled out of the matrix but are still effectively bridging the crack interface. ͑c͒ At a moderate distance behind the crack tip, we see a combination of some nanotubes that are bridging the crack and some tubes that are simply pulled out of the matrix. ͑d͒ Far behind the crack tip, we observe nanotubes that are completely pulled out of the matrix.
FIG. 3.
͑Color online͒ ͑a͒ Top schematic shows the concept of a fiberbridging zone ͑length: t͒ with frictional pullout of nanotubes in the wake of the crack tip. This generates a crack-closing stress ͑ * ͒ which reduces the crack propagation rate. Lower schematic shows the shrinkage of the fiberbridging zone with increase in the stress intensity factor. ͑b͒ Theoretical prediction for the crack growth rate of MWCNT-epoxy composite for different weight fractions of the MWCNT additives is plotted as a function of the stress intensity factor.
is the effective crack closing stress due to the action of the bridging fibers and is given as
where H is the step function and ␦ is the crack opening displacement. The bridging length t is obtained in monotonic loading from the condition that the crack opening displacement at a distance t behind the crack tip equals the pullout length ͑␦ c ͒. Specifically ␦͑x =−t͒ = ␦ c ; this leads to an equation for t of the form
In cyclic loading, the parameter t is set by the maximum K I applied, so the above expression has to be evaluated using K I max . In our experiments, K I min Ϸ 0 and hence K I max Ϸ ⌬K I . Consequently, the effective stress intensity factor amplitude is expressed as:
where w c = P c ␦ c is the work required to pull out a single tube.
⌬K I eff represents the stress intensity factor amplitude required to propagate the crack in the nanotube-epoxy composite, while ⌬K I is the stress intensity factor required for crack propagation in the pure epoxy and can be fitted to the experimental data for the epoxy. The number density of nanotube fibers penetrating the crack plane results in terms of the volumetric number density v by simple geometric considerations and after assuming uniform nanotube dispersion as = v L / 2. The volumetric number density can in turn be related to the nanotube weight fraction through a constant scaling factor.
Using the above model, we predicted the crack propagation rate for the nanotube-epoxy composite as a function of the stress intensity factor. The results for the MWCNT case are shown in Fig. 3͑b͒ along with the test data. The theoretical model shows good correlation with experimental data. The parameter w c / ␤ in the model was fitted to the test data for the ϳ0.1 wt. % fraction MWCNT/epoxy sample ͑w c / ␤ = 0.25ϫ 10 −10 J͒. This value was then used in subsequent simulations for the 0.25 and ϳ0.5 wt. % fraction of MWCNT/epoxy samples. The test data in Fig. 3͑b͒ indicates that the crack propagation rate decreases as the weight fraction of the nanotube additives is increased. The model correctly captures this trend since in our analysis the number density of nanotubes that bridge the crack scales with the nanotube weight fraction. A notable feature of our experimental observations is that as the stress intensity factor is increased, the suppression of the crack growth rate for the nanotube-composite compared to the pure epoxy degrades significantly. This effect is also captured by our model as indicated in Fig. 3͑b͒ . Our expression for the bridging length t indicates that at the low stress intensity factors, the fiberbridging zone ͓illustrated in the bottom schematic of Fig.  3͑a͔͒ is significantly larger than for the higher stress intensity cases. The model indicates that this shrinking of the fiberbridging zone is responsible for the reduced effectiveness of the nanotubes at the higher stress intensity factors.
An independent estimate of the energy w c may be obtained based on the single tube pullout experiments reported in Ref. 14 for a MWCNT/epoxy system. The reported data for the pull out shear stress can be processed to obtain the critical force P c = 8.8ϫ 10 −6 N. Then, using w c = P c ␦ c = P c L / ␣ one obtains w c ␣ = 1.76ϫ 10 −10 J. Comparing this to the fitted parameter ͑w c / ␤ = 0.25ϫ 10 −10 J͒ in our model, it results that the product ␣␤ ϳ 7. If we assume uniform dispersion of nanotubes then on average we expect that 50% of the tube length participates in pullout ͑i.e., ␣ =2͒, resulting in ␤ = 3.5. Since ␤ Ͼ 1, it implies that not all fibers penetrating the crack plane contribute to toughening ͓i.e., the number density of nanotubes penetrating the crack plane ͑͒ is reduced by a factor of 1 / ␤͔. This is because in our model all tubes are assumed to be oriented perpendicular to the crack face, while in the experiments the tube orientation is random and consequently a significant proportion of the nanotubes will penetrate the crack plane at shallow angles and will therefore exhibit reduced effectiveness in suppressing the crack growth.
To summarize, fatigue crack growth suppression is critically important in a variety of structural applications for enhancing fatigue life, lowering of maintenance costs, increased reliability and safety. We demonstrate up to an order of magnitude reduction in the crack propagation rate for an Epoxy-2000 system with addition of ϳ0.5 wt. % of nanotube additives. The observed reduction in crack growth rate showed a strong dependence on the weight fraction of nanotubes as well as the applied stress intensity factor. We showed by fractography analysis and fracture mechanics modeling that the crack suppression is caused by pullout of nanotube fibers that bridge the crack interface. This work demonstrates the potential of carbon nanotubes to significantly improve the fatigue performance of structural polymers that are widely used in engineering systems.
